To demonstrate the effects of increased extraneous water on operation, purification, and energy efficiency, two wastewater treatment plants (WWTPs) have been investigated in detail under the research project 'Sealing of sewer pipes -Effects on the purification performance of WWTPs and their impact on the local water balance'. Both treatment plants, after evaluating and analyzing the measurement data and information about them, were compared in the light of existing literature and other practical investigations. Furthermore, the results were assessed with respect to transferability to other treatment plants. In WWTP 1, extraneous water reduction led to lower energy consumption of certain plant components such as the pumping station and aeration. An increased percentage of extraneous water had an impact on the wastewater characteristics (e.g. organic load) in WWTP 2. A decrease in extraneous water increases the concentration of biodegradable matters; however, an increase in extraneous water increases the loads in the effluent. The results are in accordance with the theoretical approaches described in the literature and confirm the correlations between extraneous water and purification efficiency and energy consumption of WWTPs.
INTRODUCTION
The total discharge in urban sewer systems include household and industrial sewage, rainwater, infiltrated groundwater, drainage water, and eventually the inflow of surface water courses such as overflows of springs or creeks. The hydraulic and procedural design of the sewer network and wastewater treatment plants (WWTPs) depend on domestic and non-domestic wastewater as well as rainwater discharges (Karpf et al. ) .
In Germany, approximately a quarter of the total wastewater that enters the sewage system is actually not wastewater. This so called 'extraneous water or inflow and infiltration (I/I)' after entering through leaking sewers, eventually mixes with the 'real' wastewater, which then passes through the sewage system to WWTPs, pumping stations, and spillways. According to Tchobanoglous et al. () , the amount of infiltration can range between 0.01-1.0 m 3 / day/mm pipe diameter/km length), and increases proportionally with the age of the sewer. In addition, the roof, cellar, yard, area, or foundation drains of private residences may be inappropriately connected to sanitary sewers. The National Small Flows Clearinghouse () defines inflow as any extra water flowing into wastewater collection systems from above-ground sources, either intentionally or unintentionally.
The I/I reduces the removal efficiency of pollutants by diluting and/or cooling the wastewater. Ellis () estimated that I/I alone costs £1M/m 3 /day in the UK for sewerage effluent and possibly dilutes sewage flows by 1:1 to 1:3, leading to hydraulic overloading of the WWTP. According to Decker () , triplication of I/I flow increases the investment cost by 15% and operating cost by 7% for a sewerage system with 100,000 P. Furthermore, his study stated that sexuplication (200%) of the I/I flow increases the annual costs of wastewater treatment and wastewater discharge by 30-40%. Excluding the investment costs required for treatment volumes and aggregates, more costly operation leads to higher annual costs (7-9%); this effect is primarily caused by increased energy costs. However, excess water increases the operation and treatment costs, and mediation over the next 20 years is estimated to cost $164 billion for the USA (EPA ). Michalska & Pecher () have reported the financial consequences of I/I. I/I affects all wastewater conveyance systems, and a complete reduction of I/I is not possible due to technical and financial reasons. In addition, different boundary conditions make it difficult to determine a generally acceptable I/I rate (Franz ) . In Germany, regulations that determine such rates are based on the Waste Water Charges Act. The EU Wastewater directive 91/271 (European Union ) demands that the design, construction, and maintenance of collecting systems should be undertaken in accordance with the best technical knowledge not entailing excessive costs, notably regarding the volume and characteristics of urban wastewater and prevention of leaks. A study by Hennerkes () provides detailed information regarding legal regulations in different countries.
Based on the current legal situation, different economic and resource motives, international approaches, guidelines, strategies, tools, and programs for monitoring, quantifying/ detecting, controlling, assessing, and reducing I/I are used in sewage systems and WWTPs ( Apart from implementing monitoring and prediction tools, extraneous water or I/I can significantly be reduced by rehabilitation or sealing leaky sewers. However, sealing a sewer may lead to unexpected consequences and may have risks such as an increase in groundwater levels, which might affect the surrounding infrastructure and buildings. Therefore, it is essential to investigate groundwater regimes for a sustainable sewer rehabilitation concept.
The research project 'Sealing of sewer pipes -Effects on the purification performance of WWTPs and their impact on the local water balance', on behalf of the Federal Environment Agency, examined the benefits, investments, and risks of sealing sewers and elaborated on the recommendations for a holistic view for a sewer rehabilitation. This project aimed to develop proposals for rehabilitation requirements that can be used by public decision makers.
Based on two case studies, this study identified and evaluated the impacts of extraneous water on WWTPs with regard to purification efficiency, costs, and energy consumption.
MATERIALS AND METHODS
To examine and evaluate the measurement data and information of WWTP 1 and WWTP 2, the amount of extraneous water (minimum night flow rate) was measured at different times. In addition, the influent and effluent concentrations of nitrogen (N), phosphorus (P), chemical oxygen demand (COD), biochemical oxygen demand after five days (BOD 5 ), and temperature of the WWTP 1 were measured. Subsequently, the investigated amounts of extraneous water were compared with the energy consumption of the components of WWTP 1, such as sand filter, pumping station, and aeration. The amount of extraneous water ('sliding minimum' method) for WWTP 2 was also measured and compared with the energy consumption and N, P, and COD concentrations. The results from both the WWTPs were verified with technical literature and present practical research and investigations. Table 1 summarizes the databases of the two case studies. At WWTP 1, wastewater is treated using a multistage activated sludge process. For further treatment, upstream denitrification and downstream sand filter (36 filter modules and subsequent UV irradiation for disinfection) are used ( Figure 1 ). Furthermore, I/I uses one third of the plant's hydraulic capacity. The relatively high specific energy consumption of WWTP 1 (64 kWh/PE*a) is attributed to the special cleaning process, which uses foam cubes in the aeration tank (LINPOR ® ). The average percentage of extraneous water in WWTP 1 is 42%. A comparison between the monthly amount of extraneous water and the monthly precipitation values reveals that rainfall events increase the amount of extraneous water ( Figure 2 ).
WWTP 2
WWTP 2 is a conventional wastewater treatment plant with three treatment stages (mechanical, biological, and chemical treatment stage) that uses an activated sludge process. Overall, the annual amount and percentage of extraneous water ( Figure 3 ) showed a slightly decreasing trend. This decrease may be due to the sewer rehabilitation program implemented in a sub-area in 2007. However, the amount of extraneous water increased in 2010, indicating that the amount of extraneous water in WWTP 2 strongly depends on seasonal effects (precipitation/rainfall events) and geological conditions (fluctuating groundwater levels, infiltration processes, and sewer-groundwater body interactions).
RESULTS AND DISCUSSION

Impact on the purification efficiency
In WWTP 1, an increase in extraneous water resulted in increased dilution of the raw sewage and reduced influent concentrations of N, P, and COD at constant loads. In addition, increased extraneous water possibly results in a drop in temperature of wastewater. Furthermore, slight correlation between the temperature and percentage of extraneous water was detected ( Figure 4 ). Although the degradation reactions of microorganisms are reduced at low temperatures, this correlation was difficult to verify in practice due to the complexity of different influencing factors and interactions during the wastewater treatment process. However, a study by Hennerkes () revealed that, in general, concentration reduction due to dilution has the most significant impact on the purification efficiency of a WWTP. This effect reduces the efficiency of the biological treatment stage and increases the load pollution into water bodies (Weiß et al. ) . In WWTP 1, load pollution showed an increasing trend and the degradation rate for N, P, COD, and BOD 5 showed a decreasing trend, with increasing of the percentage of extraneous water (Figures 5-7) . In WWTP 2, an increased percentage of extraneous water had an impact on the wastewater characteristics (organic load and sum parameters). In addition, the percentage of extraneous water at different times (depending on seasonal factors, weather conditions, and groundwater level) correlated with the influent and effluent concentrations of COD (Figure 8 ), N ( Figure 9 ), and P ( Figure 10 ). In general, the concentration of biodegradable matter increases with a decreasing percentage of extraneous water, implying that an increased percentage of extraneous water caused by dilution reduces the concentrations of organic compounds in the inlet of a WWTP. LUBW () stimulated a fictive WWTP with the program Simba light 2.3 using an activated sludge process with denitrification for 40,000 PE to investigate the impacts of extraneous water. The measured results for WWTP 1 and WWTP 2 were similar with the simulated elimination rates for N and COD and the concentration and load gradients of COD at different percentages of extraneous water reported by this study. When the percentage of extraneous water is 70%, complete nitrification cannot be maintained anymore and the efficiency (N-elimination) drops to 19% (LUBW ). In addition, Hennerkes () showed that the effluent load of biodegradable matters at a constant influent load and sludge age gradually increases with the increasing amount of extraneous water; however, the load elimination efficiency of N and COD reduces.
Impact on electricity consumption and costs
Not all processes of a WWTP are influenced similarly by I/I with regard to electricity consumption. Thus, the effects of increased I/I are more obvious for hydraulically-controlled components. In WWTP 1, an increase in extraneous water led to a significant increase in the electricity consumption of the wastewater lifting facility, grid rack, sand filter, water disinfection, and pump for return sludge. As shown in Figure 11 , the electricity consumption of the lifting facility and grid rack increased linearly between 30% and 60% of extraneous water, after that the increase was more significant.
In addition, the electricity consumption of the sand filter was influenced by extraneous water. At 30% to 60% of the extraneous water, the impact was low with a wide statistical spread (Figure 11) . At 60%, the electricity consumption of the pumps and compressors in the sand filter significantly increased.
According to LUBW (), the electricity consumption of oxygen supply in the activated sludge stage is almost independent from extraneous water. This was also verified for WWTP 1. Further, LUBW () demonstrated that energy costs are primarily influenced by the percentage of extraneous water, particularly in the wastewater lifting facility (head ¼ 5 m). The impact of extraneous water for the pump for return sludge is significantly less on the energy costs (LUBW ).
An increase in energy costs up to 40% can be estimated by doubling the percentage of extraneous water in WWTP 1 (from 40% to 80%). Figure 11 illustrates the relation between the percentage of extraneous water and total electricity consumption of WWTP 1. With an average value of extraneous water as 42%, the energy costs due to extraneous water accounts for approximately 15% of the total energy costs of WWTP 1. Table 2 summarizes the energy costs of WWTP 1 caused by extraneous water. Table 3 shows the amount of extraneous water, total energy consumption, and connected population equivalents of WWTP 2. For WWTP 2, a significant correlation between extraneous water and energy consumption could not be proved.
From 2008 (555,588 kWh/a) to 2012 (480,599 kWh/a), the total energy consumption of WWTP 2 decreased by 13.5%, probably due to the various optimization measures at WWTP 2. However, it is uncertain as to which optimization measure (sewer rehabilitation and reduced extraneous water or restoration measures) led to energy savings. In conclusion, there was a decreasing trend for extraneous water and the total energy consumption, showing a slight correlation between extraneous water and energy consumption of WWTP 2.
Taken together, the results indicate that energy consumption and all hydraulic dimensioned components of a WWTP are linked to specific wastewater quantity. However, it is not possible to estimate the amount of energy savings of certain treatment plant components because of different boundary conditions. Furthermore, I/I differently influences the economics of various WWTPs. Energy savings due to a reduction of I/I substantially depend on the percentage of extraneous water, energy conditions, and dimension of the WWTP. UBA () and Hansen et al. () revealed that 1.5-6% energy can be saved by reducing I/I by 10-30%. Böcker & Leuchs () indicated that 41.5% operating costs could be saved (caused by I/I) for five WWTPs, if the percentage of extraneous water is reduced to 40%.
In general, the specific energy consumption of a WWTP significantly decreases with its increasing size. Therefore, energy consumption is mainly influenced by the quantity of the specific wastewater. If the quantity of the specific wastewater rises >120 m³/PE*a, it significantly impacts the energy consumption.
Other impacts
Indirect costs of a WWTP caused by I/I, such as additional repair costs for maintenance of plant components, additional personnel and equipment costs, and additional cost of residue disposal, are less obvious, and thus, are more difficult to quantify. In addition, I/I can influence the wastewater levy. If I/I increases beyond the limit values (admissible loads in the effluent), it can lead to increased effluent discharge fee (wastewater levy law). In general, it is not allowed to dilute wastewater with clean water (e.g. I/I). While considering the design or dimensions of the WWTPs, it is essential to factor I/I as it affects the required tank volumes, and consequently, the capital costs for building a WWTP. LUBW () has calculated the annual capital costs caused by I/I for a WWTP with 40,000 PE and has indicated a significant increase in the capital costs from 50% of extraneous water.
Estimation of energy consumption as a function of the percentage of extraneous water
For a detailed analysis and assessment of potential energy savings at WWTPs, an energy analysis according to DWA () should be performed. The relationship between the percentage of extraneous water and energy consumption can be estimated by calculating the energy consumption based on the plant-specific calculation approaches, according to DWA-A 216 (DWA ). Hydraulic quantities of a conventional model plant (MURL ) with 100,000 PE (single-stage activated sludge process with denitrification) possibly illustrate the energy consumption depending on the percentage of extraneous water (Table 4 ).
The determination of plant-specific ideal value for the energy consumption should be applied mainly for I/I-influenced components. For hydraulically influenced consumers of a WWTP (e.g. pumps and lifting facility), the following calculation can be used according to DWA ():
where Q is the wastewater quantity, η pump is the hydraulic efficiency, η engine is the engine efficiency, and h is the height (geodetic). Further calculations for other consumers, such as screens, grit chamber, and sludge activation, are listed in DWA ().
The linear correlation between extraneous water and energy consumption can be verified by the results of the model calculation. Table 5 shows the daily energy consumption of hydraulically influenced components at four different extraneous water scenarios. A 10-fold increase in extraneous water doubles the energy consumption of a lifting facility. If the percentage of extraneous water increases from 14.3% to 50%, the energy consumption of the recirculation increases 1.5 times. In addition, higher energy consumption can be expected for the pump for return sludge. The energy consumption of the pump increases by 35% when the percentage of extraneous water is approximately doubled (from 33% to 62.5%).
CONCLUSION
It is difficult to reach robust conclusions regarding the impacts of I/I due to the limited data available. In addition, the reproducibility and transferability of the results to other WWTPs are only partially possible because of different boundary conditions. Therefore, the investigated I/I-related correlations and evaluated results are considered trends. The results of WWTP 1 demonstrate that a lower percentage of extraneous water leads to lower energy consumption by certain plant components (e.g. pumps and lifting facility). However, a trend was recognized for WWTP 2, showing that a lower percentage of extraneous water led to an overall lower energy consumption. Therefore, the amount of energy savings and influence of I/I on the cost effectiveness vary depending on the local boundary conditions and process technology of the WWTP. Hence, a case-by-case assessment is warranted to investigate and evaluate I/I-related correlations and impacts on WWTPs.
The following general conclusions can be drawn by investigating the impacts of extraneous water on WWTPs.
• The efficiency (purification efficiency) and cost effectiveness of WWTPs are affected by I/I.
• The effluent loads emitted by WWTPs into water bodies increase with the increasing percentage of extraneous water.
• The higher the percentage of extraneous water in the WWTP, the lower the degradation rate of organic compounds (e.g. N, P, COD, and BOD 5 ), particularly due to the dilution effect.
• A significant influence of temperature could not be practically verified.
• For water pollution control, the load pollution should be the main monitoring parameter instead of monitoring concentrations (e.g. in Austria).
• An increase in I/I leads to additional costs in the WWTP.
Realistic cost savings can be realized only if all components in a WWTP and relevant influencing variables and criteria (such as design criteria, operating condition, operating hours, energy efficiency, service/maintenance, equipment and resources, residue disposal, and wastewater levy) are considered in a comprehensive survey.
• Potential approaches to optimize the cost effectiveness of a WWTP include energy analysis of a WWTP and implementing strategies to reduce I/I (e.g. sewer rehabilitation concept, tools and programs for monitoring, quantification/detection, controlling, and assessment).
• An efficiency control and verification of successfully realized measures for reducing I/I should be considered for process benchmarking (energy controlling).
